ABSTRACT In this paper, we propose a hybrid one-way full-duplex (OWFD)/two-way half-duplex (TWHD) relaying scheme to improve the performance of the relay system with asymmetric channel gains and traffic requirements. In the proposed scheme, the transmit time interval is decomposed to three subintervals, and in each subinterval the relay operates in OWFD or TWHD mode. The duration of each subinterval is optimized to minimize the system outage probability. We show that the subinterval time optimization can be formulated as a linear programming problem. By exploiting the structure of the problem, the closed-form solution of the problem was derived. We also present a power control scheme to mitigate the effect of residual selfinterference (RSI) when the relay is operated in the OWFD mode. Simulation results show that the hybrid scheme achieves better outage performance under the asymmetric environment when compared with the traditional schemes. Moreover, the scheme is robust to the RSI caused by the full-duplex operation.
I. INTRODUCTION
In recent years, relaying has been accepted by several standards such as IEEE 802.11s, IEEE 802.16j and LTE-Advanced as a powerful technique to provide spatial diversity in cooperation systems as well as extending the coverage of wireless networks. However, as shown in [1] and [2] , the employment of relay doubles the channel uses required for the transmission from source to destination due to the half-duplex (HD) constraint, which induces to a loss of the spectral efficiency of wireless networks [3] - [6] . Two-way half-duplex (TWHD) relaying is considered as an efficient solution to overcome the shortcoming of one-way halfduplex (OWHD) relaying [7] .
The key idea of TWHD relaying is to combine the two opposite traffic flows as a single one to improve the efficiency of transmission [8] . TWHD relaying can be categorized as analog network coding (ANC), time-division broadcast (TDBC) and physical-layer network coding (PNC) [9] . The ANC and PNC protocols require two time-slots to exchange information between two sources, whereas TDBC needs three time-slots and utilizes the direct link between two sources [10] , [11] . The works in [12] - [16] have studied the performance of TWHD system, and the results verified the superiority of TWHD in improving spectral efficiency. However, most of the prior studies on TWHD considered the symmetric scenarios which is not practical in the real wireless network. In many practical situations, traffic requirements of the uplink and downlink are significantly different. For example, great traffic volume is required in downlink direction when the user requests for web browsing service. On the other hand, the channel gains between relay and sources may also be asymmetric due to the geographical distribution of sources and time-varying of the small-scale fading. The previous research showed that TWHD achieves good performance gain under symmetric environment, however it suffers from significant performance loss in the asymmetric scenarios [17] , [18] .
One-way full-duplex (OWFD) relaying has also been considered as a promising technique to reduce spectral efficiency loss of relay network [19] . Motivated by this observation, we propose a hybrid OWFD/TWHD relaying scheme to improve the performance of relay system with asymmetric channel gains and traffic requirements. In the proposed scheme, the relay switches opportunistically between OWFD mode and TWHD mode to optimize the system performance in asymmetric scenarios. The contributions of the paper are summarized in the below:
• We first present the transmission mechanism of the hybrid OWFD/TWHD relaying scheme. In particular, the transmit time interval is decomposed to three subintervals, and the relay allocates each subinterval to OWFD mode or TWHD mode.
• Using the instantaneous channel state information (CSI), we formulate a time allocation problem to optimize the duration of each subinterval. The time allocation is a linear programming problem. By exploiting the structure of the problem, we derive the closed-form expression of the optimal solution. We also propose a power control scheme to mitigate the effect of RSI when the relay is operated in the OWFD mode.
• Monte Carlo simulations are presented to compare the system outage performance of hybrid scheme with the conventional TWHD relaying. The results show that the proposed scheme can mitigate the effect of asymmetric channel gains and traffic requirements on the outage performance. The rest of this paper is organized as follows. Section II reviews the related work. Section III presents the system model. Section IV presents the hybrid OWFD/TWHD relaying scheme. Section V presents the simulation results. Section VI draws the conclusion.
II. RELATED WORK
In TWHD relaying under asymmetric environment, the outage performance of ANC protocol was studied in [17] . The closed-form expression for system outage probability was also derived over Rayleigh flat-fading channels. Moreover, for the case of imperfect CSI, the authors in [18] considered the system outage performance of TWHD relaying system with asymmetric data rate requirements. Specifically, an exact expression and a closed-form tight lower bound for system outage probability were derived over Nakagami-m fading channels.
OWFD relaying permits the reception and transmission of the signal simultaneously on the same channel [20] , which has the potential to double the spectral efficiency compared to OWHD relaying system. However, the transmission on the same time-frequency resource results in strong selfinterference (SI) from the transmitter to the receiver [21] which also causes the loss of spectral efficiency. Early fullduplex (FD) technique was widely implemented in radar system [22] . Nevertheless, the isolation was insufficient for wireless communications due to the limitation of volume and power consumption [23] .
The recent advances in SI mitigation technologies enable simultaneous transmission and reception on the same frequency band. Actually, providing the existing analog, digital and spatial isolation/cancellation techniques, we cannot achieve the prefect isolation [24] , [25] . In addition, as the relay transmit power grows, the effect of RSI increases correspondingly. Hence, there exists fundamental performance trade-off between OWFD and OWHD. Inspired by these results, a multi-hop relay transmission scheme employing both OWHD and imperfect OWFD relays was proposed in [26] . By operating even relays in OWHD mode while odd relays work in OWFD mode, the scheme reduces the interference induced by transmission of neighbouring nodes. In [27] and [28] , a hybrid scheme was proposed, where relay switches dynamically from OWFD relaying to OWHD relaying.
III. SYSTEM MODEL
Considering the relay network consists of two source nodes S i , (i = 1, 2) and a relay node R, where the two sources exchange data with the help of the relay, as shown in Fig. 1 . We assume that the target rate from S 1 to S 2 is denoted by R 1 , the target rate from S 2 to S 1 is denoted by R 2 . The channel coefficient between S i and R is denoted by h ir and is assumed to be reciprocal. Since the RSI is inevitable in practical when the relay operates in OWFD mode, we characterize the effect of RSI at relay R using a SI channel h rr [24] . All channels are assumed block Rayleigh fading.
In this paper, we assume that the all nodes have perfect knowledge of CSI. The CSI between sources and relay can be estimated by each source sending a pilot signal separately. The CSI of RSI channel can be obtained by relay sending a pilot signal to itself. After estimating the channels from pilot signals, relay then sends the channel estimates back to the sources.
A. ONE-WAY FULL-DUPLEX (OWFD) MODE
When the relay operates in OWFD mode as shown in Fig. 1(a) , S i (i = 1, 2) transmits its unit-power symbol x i to the relay R, and meanwhile, relay amplifies the received signal and retransmits it to source S j (j = i). The received signals at the relay R and S j can be expressed as follow
= P i h ir x i + P r h rr t i + n r y FD j = P r h jr t i + n j (1) respectively. P i denotes the transmit power of S i and P r denotes the transmit power of R. n r and n j denote the additive white Gaussian noises (AWGNs) with unit variance and zero-mean at R and S j , respectively. t i is the amplification of the prior received signal from S i , which can be expressed as
where β i denotes the amplification coefficient of R, which should be determined as [27] 
According to the received signal (1), the instantaneous endto-end signal-to-interference-plus-noise ratio (SINR) γ FD j at S j can be expressed as [29] 
According to (4), the corresponding achievable rate can be obtained as
B. TWO-WAY HALF-DUPLEX (TWHD) MODE
When the relay operates in the TWHD mode as shown in Fig. 1(b) . It is assumed that ANC protocol is used. In the multiple access (MAC) phase, S i and S j (j = i) transmit data to R simultaneously. The received signal at relay R is given by
In the broadcasting (BC) phase, R broadcasts the combined signal back to the sources. The received signal at S j can be expressed as y TW j = P r ρh jr r TW + n j = P r P j ρh 2 jr x j + P r P i ρh jr h ir x i + P r ρh jr n r + n j (
Since the transmit power at R is fixed at P r , the amplifying coefficient ρ should be
Since the source S j knows its own transmitted signal, it can remove the term related to x j from the received signal y TW j . Thus its received signal can be can be rewritten as follow y TW j = P i P r ρh jr h ir x i + P r ρh jr n r + n j (9) According to (8) , the received SINR γ TW j of the signalỹ TW j can be expressed as
The corresponding achievable rate can be expressed as
where the pre-log factor 1/2 is due to the fact that two phases are required to complete one round of data exchange.
IV. HYBRID OWFD/TWHD RELAYING SCHEME
A. SCHEME DESCRIPTION
When the traffic requirements of two sources are asymmetric, there are less demands for supporting two opposite traffic flows at the relay simultaneously. As shown in [17] , the system outage probability of TWHD relaying is limited by the outage performance of sources with large traffic requirements. On the other hand, when the channel gains between relay and two sources are asymmetric, the system outage performance of TWHD relaying degrades significantly since the end-to-end SINR is limited by the weak channel. Motivated by the above observations, we propose a hybrid OWFD/TWHD scheme to improve the system outage performance. The introduction of the OWFD mode is because the OWFD relaying can provide a single direction data flow to deal with the asymmetric data traffic without degrading the spectral efficiency of the relaying system. Moreover, the OWFD achieves much better performance in the low SNR scenario, which is just the case when the channel gain between relay and one source is much weaker than the other. Moreover, when the useful channel is in deep fading, the effect of RSI becomes dominant and limits the outage performance of OWFD. In this case, the hybrid scheme switches to TWHD mode to improve the performance. As a result, the hybrid scheme outperforms the pure TWHD and OWFD transmission. In the proposed scheme, the transmit time interval is decomposed to three subintervals, and in each subinterval the relay operates in OWFD or TWHD mode, as shown in Fig. 2 . In particular, we let T denotes the total duration of transmission interval, where T is smaller than the channel coherent time. We let T i (i ∈ {1, 2, 3}) denotes the duration of the ith subinterval, which satisfies T 1 + T 2 + T 3 = T . In the following, without loss of generality, we normalize T as 1. In the first subinterval, S 1 transmits data to S 2 with the help of relay and the relay operates in the OWFD mode. In the second subinterval, S 1 and S 2 exchange data and the relay operates in the TWHD mode. In the third subinterval, the relay operates VOLUME 5, 2017 FIGURE 2. Hybrid OWFD/TWHD relaying scheme.
in the OWFD mode, but helps retransmit the data from S 2 to S 1 .
B. TIME RESOURCE ALLOCATION
In this subsection, we optimize the duration of each subinterval to minimize the system outage probability. Considering the above division of the transmission interval, the end-to-end achievable rates at S 2 and S 1 can be expressed as
respectively.
The system outage event occurs when either I 1 or I 2 falls below the target rate. Therefore, the system outage probability of hybrid OWFD/TWHD relaying scheme can be written as
where η is defined as η = R 1 R 2 and captures the degree of traffic asymmetry. The last step is based on the fact that I 1 < R 1 and ηI 2 < R 1 are equivalent to min {I 1 , ηI 2 } < R 1 . A basic property of the system outage probability is that the outage performance is dominated by the worst source. Therefore, by minimizing the system outage probability, we optimize the outage performance of both sources simultaneously. Note that the system outage probability has been widely used in the multi-user systems to characterize the outage performance of the whole system [30] . Let T 1 ,T 2 ,T 3 denotes the optimal solution that minimizes the system outage probability, the time allocation can be formulated as the following problem
By introducing a new variable t, we can rewrite the problem as
The target function and constraints of (16) are both linear functions of T i (i ∈ {1, 2, 3}) and t. Therefore, it is a linear programming problem which can be solved numerically using the softwares such as Matlab and Maple. However, to facilitate the real-time application of the proposed hybrid scheme, we derive the closed-form expression of {T 1 , T 2 , T 3 } by exploiting the structure of the problem.
Assuming {T 1 ,T 2 ,T 3 } is the optimal solution of (16), andĨ 1 andĨ 2 are the corresponding end-to-end achievable rates at S 2 and S 1 , we have the following three cases, 1)Ĩ 1 > ηĨ 2 , 2)Ĩ 1 < ηĨ 2 , 3)Ĩ 1 = ηĨ 2 . Motivated by the above observation, we can formulate three subproblems by adding constrains 1) I 1 > ηI 2 , 2) I 1 < ηI 2 , 3) I 1 = ηI 2 respectively in the original problem (16) . The solution of the three subproblems which maximizes min{I 1 , ηI 2 } is just the solution of original problem.
Subproblem 1: By adding the constraint (16), we have the following problem arg max
The optimal solution of (17) must satisfy T 1 = 0, otherwise, we can reduce T 1 and increase T 3 to improve the target function without violating any constraints. Therefore, using the equality T 2 + T 3 = 1, the above problem can be rewritten as arg max (18) reaches its maximum. Thus, the optimal solution of (18) can be obtained as (19) where the superscript '[i]' indicates the solution for subproblem i ∈ {1, 2, 3}. the subproblem 2 can be written as arg max
Similarly, the optimal solution of (20) must satisfy T 3 = 0, otherwise, we can reduce T 3 and increase T 1 to improve the target function without violating any constraint. By exploiting the symmetry between subproblem 1 and subproblem 2, it is easy to show that (20) has no solution when
, and can be solved as
when 
Using the first and third constraint, we can obtain
Note that if the above inequalities produce T 2 not in [0, 1], subproblem 3 has no solution and needs not to be computed. Based on the above results, subproblem 3 in (22) can be rewritten as arg max
The optimal t is obtained when the left-hand side of first constraint in (25) reaches its maximum. Thus, the solution of (25) can be obtained as
Moreover,T [3] 1 andT [3] 3 can be computed directly using (23) . Note that if more than one subproblems have solutions, the optimal solution of the original problem is the one that maximizes the target function.
We mention that the proposed hybrid scheme requires more feedback overhead when compared with the pure OWFD and TWHD schemes. In the proposed scheme, we assume that the durations of subintervals are calculated by a central node (e.g., the relay) at the beginning of the each transmission interval. After obtaining the solutions, for synchronous system, the central node can broadcast the durations of subintervals directly, and then each node transmits signal according to the uniform clock. For asynchronous system, the central node should inform each node to transmit or keep silent at the beginning of each subinterval. In this paper, we assume that the sources are quasi-static or in low mobility so that the channel coherent time is long enough to complete the signaling and data transmission.
C. RELAY POWER CONTROL
When the relay operates in the TWHD mode, it is easy to verify that using maximum transmit powers at sources and relay are optimal. However, as the relay operates in the OWFD mode, the system suffers from RSI due to the imperfect SI cancellation, and the RSI increases linearly with the transmit power of relay. Therefore, it is necessary to control the relay transmit power in order to minimize the system outage probability. In the first subinterval, the relay power control problem can be expressed asP r1 = arg max (27) where P max r denotes the maximum power constraint. γ FD 2 denotes the received SINR at S 2 , which is given by (4) .
We can obtain the optimal relay power by taking the derivative of (4) and setting the derivative to zero. Specifically, according to (4), the derivative of γ FD 2 with respect to P r can VOLUME 5, 2017
be expressed as
where A is defined as A = P 1 |h 1r | 2 + P 2 r |h 2r | 2 |h rr | 2 + P r |h 2r | 2 + P r |h rr | 2 + 1. Setting the derivative to zero, we can obtain
At last, since the transmit power of relay cannot exceed the maximum power constraint. The optimal solution of the problem can be obtained as
Using the similar approach as in the derivation ofP r1 , the optimal relay transmit power in the third subinterval can be obtained as
Although perfect CSI is assumed in the paper, the proposed hybrid OWFD/TWHD relaying scheme can be simply extended to the case with imperfect CSI. In particular, when computing the optimal time resource allocation, we need only replace the expressions of achievable rates in (5) and (11) with that computed based on imperfect CSI. No other change is needed. For the problem of power control, the solution in (30) and (31) is generally not optimal when the CSI imperfection is considered. However, in some practical implementation, the variance of channel estimation error is usually much smaller when compared with the real channel. So the proposed power control scheme is expected to achieve near optimal performance.
V. NUMERICAL RESULTS
In this section, we present simulation results for outage probabilities of hybrid OWFD/TWHD relaying scheme. All channels are assumed to be independent and Rayleigh fading. For convenience, we let π i denotes the variance of h i (i ∈ {1r, 2r, rr}). The transmit power of sources are set to P 1 = P 2 = P s . The maximum relay transmit power is set to P max r = P s . The performance of OWFD [29] , TWHD [14] , the proposed hybrid scheme with T 1 = T 2 = T 3 = 1/3 and T 1 = T 3 = 1/4, T 2 = 1/2 are also presented for comparison. Note that T 1 = T 2 = T 3 = 1/3 indicates that the OWFD transmission from S 1 to S 2 , TWHD transmission and OWFD transmission from S 2 to S 1 are allocated with same time resource. Note that TWHD transmission has two phases, i.e. a multiple access phase and a broadcasting phase. T 1 = T 3 = 1/4, T 2 = 1/2, indicates the situation that OWFD transmission from S 1 to S 2 , each phase of TWHD transmission and OWFD transmission from S 2 to S 1 are allocated with same time. Fig. 3 and Fig. 4 simulate the outage performance of proposed scheme for different source transmit powers, where SNR is defined as SNR = P s . We consider the asymmetric traffic requirements scenario with R 1 = 1bit/s/Hz and R 2 = 2 bits/s/Hz in Fig. 3 and asymmetric channel gains scenario with π 1r = 1, π 2r = 2 in Fig. 4 . We can see that the hybrid OWFD/TWHD scheme achieves the optimal outage performance in two different asymmetric scenarios. The simulation results demonstrate the validness of the proposed time allocation scheme. In particular, when power control is used at the relay, the hybrid scheme outperforms the TWHD more than 4dB at outage probability of 10 −2 . In addition, TWHD scheme is superior to OWFD scheme in the high SNR region. However, the converse is true for the low SNR region. This is because the RSI at the relay in OWFD increases as the transmit power increasing, which is a dominant performance-limiting factor. Moreover, it is seen that the result based on the close-form solution in Section IV-B matches perfectly with the numerical result. Note that although the problem can be solved numerically, the proposed closed-form solution is important in the realtime application of the hybrid scheme.
In Fig. 5 , we consider the outage probability with different degrees of traffic asymmetry η, where η is defined as η = R 1 /R 2 . From the figure, it is seen that the outage performances of all schemes degrade when η increases. Moreover, by dynamically adjusting the durations of TWHD and OWFD transmission, the proposed hybrid scheme achieves the best performance. Fig. 6 and Fig. 7 show the outage probability for different variances of RSI π rr . We consider the asymmetric traffic requirements scenario with R 1 = 1 bit/s/Hz and R 2 = 2 bits/s/Hz in Fig. 6 and asymmetric channel gains scenario with π 1r = 1, π 2r = 2 in Fig. 7 . The RSI does not exit in TWHD scheme. Therefore, the outage probability of TWHD scheme is constant for different π rr . It is seen that the outage performance of OWFD relaying degrades faster than the hybrid OWFD/TWHD scheme as π rr increases, which indicates that the hybrid scheme is robust to RSI. This is because, for the case with strong RSI, the hybrid scheme allocates more time for the second subinterval. Fig. 8 simulates the outage probability with different variances of channel estimation error π e in the case of imperfect CSI. In the figure, the channel coefficient is modeled as h ir =ĥ ir + e ir , where h ir denotes the real channel,ĥ ir and e ir denote the channel estimates and the corresponding estimation error with variance π ei , respectively. We assume that π e1 = π e2 = π e . The minimum mean-square error (MMSE) estimator is assumed in channel estimation, so e ir is independent withĥ ir . It is seen that the outage probability of all schemes increase with π e . Moreover, as expected, the hybrid scheme achieves the best outage performance with the whole observation interval.
VI. CONCLUSION
In this work, we propose a hybrid OWFD/TWHD relaying scheme to improve the performance of relay system with asymmetric channel gains and traffic requirements. In the proposed scheme, the transmit time interval is decomposed to three subinterval, and in each subinterval the relay operates in OWFD mode or TWHD mode. The duration of each subinterval is optimized to minimize the system outage probability.
Subinterval time optimization can be formulated as a linear programming problem whose solution was derived in closedform by exploiting the structure of the problem. We also present a power control scheme to mitigate the effect of RSI when the relay is operated in the OWFD mode. Simulation results show that the hybrid scheme achieves better outage performance under the asymmetric environment when compared with the traditional schemes. Moreover, the scheme can mitigate the effect of asymmetric channel gains and traffic requirements and is robust to the RSI in OWFD operation. KUI 
